ABSTRACT Objectives: The role vitamin D intake/production plays in sarcoidosis-associated hypercalcaemia is uncertain. However, authoritative reviews have recommended avoiding sunlight exposure and vitamin D supplements, which might lead to adverse skeletal outcomes from vitamin D insufficiency. We investigated the effects of vitamin D supplementation on surrogate measures of skeletal health in patients with sarcoidosis and vitamin D insufficiency. Intervention: 50 000 IU weekly cholecalciferol for 4 weeks, then 50 000 IU monthly for 11 months or placebo.
INTRODUCTION
Hypercalcaemia occurs commonly in sarcoidosis, with an estimated prevalence of 4-11%. 1 2 Hypercalcaemia results from dysregulated production of 1,25-dihydroxyvitamin D (1,25OHD) by activated macrophages in granulomata. 3 Although the mechanism of hypercalcaemia is known, the role of vitamin D intake and production is less certain. On the one hand, cases of hypercalcaemia and sarcoidosis precipitated by sunlight exposure or vitamin D supplements have been reported, [4] [5] [6] [7] [8] and there is a seasonal variation in 1,25OHD levels 9 and the prevalence of hypercalcaemia. 7 9 10 These findings suggest that increases in 25-hydroxyvitamin D (25OHD) levels through sunlight exposure or vitamin D intake contribute to hypercalcaemia. On the other hand, studies have reported no correlation between 25OHD, 1,25OHD and serum calcium; 11 historical studies of treatment with very large doses of vitamin D (target 100 000 IU/day for 5-212 days) produced hypercalcaemia in only 4/24 patients, 12 and patients with sarcoidosis and glucocorticoid-induced osteoporosis commonly take vitamin D supplements without developing hypercalcaemia. 13 Furthermore, countries at higher latitudes do not have consistently lower prevalence of hypercalcaemia in sarcoidosis than countries closer to the equator, 1 and prevalence of hypercalcaemia in sarcoidosis is similar in countries with and without dietary vitamin D fortification. 6 These findings suggest that vitamin D intake and
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production are not the sole causes of hypercalcaemia in sarcoidosis. Despite the conflicting evidence over the role of vitamin D intake/production in sarcoidosis-associated hypercalcaemia, several authoritative reviews have recommended avoidance of sunlight exposure and vitamin D supplements. [6] [7] [8] Adopting such recommendations is likely to lead to vitamin D insufficiency, which is associated with various adverse skeletal outcomes including secondary hyperparathyroidism, increased bone turnover, low bone mineral density (BMD) and increased risk of fracture.
14 There is a high prevalence of low BMD in cross-sectional studies of patients with sarcoidosis, 7 13 15-18 and glucocorticoid use is common and well known to have adverse skeletal effects. Thus, it is possible that treatment recommendations of sarcoidosis may worsen skeletal health by inadvertently promoting vitamin D insufficiency.
There has been recent interest in the effects of vitamin D supplements in patients with sarcoidosis. [19] [20] [21] [22] We have conducted a randomised controlled trial to determine the effects of vitamin D supplementation on surrogate measures of skeletal health in patients with sarcoidosis and vitamin D insufficiency.
METHODS Participants
Patients with sarcoidosis attending the interstitial lung disease clinic at our hospital were invited to participate. Newspaper advertisements were also placed. Potential participants were eligible if they had sarcoidosis diagnosed by biopsy and/or typical pattern on highresolution computed tomography and screening 25OHD <50 nmol/L, but were excluded if they had serum creatinine >150 μmol/L, nephrocalcinosis, albumin-adjusted serum calcium >2.55 mmol/L, concurrent major systemic illness or BMD T score <−2.5 at the spine or hip. Participants were recruited between September 2007 and December 2010. The flow of participants is shown in figure 1 .
Protocol
Participants were randomised to receive either 50 000 IU of cholecalciferol or placebo weekly for 4 weeks followed by 50 000 IU cholecalciferol or placebo every month for 11 months. Patients were asked to continue their usual diet to maintain their dietary calcium intake in accordance with locally recommended practice. Calcium supplements were not administered. Treatment allocations were randomised by the study statistician, using a variable block size schedule, based on computer-generated random numbers. Study medication was dispensed into identical bottles and labelled with participant numbers by a staff member not otherwise involved in the study. To ensure masking, only the statistician and this staff member had access to treatment allocation, and neither had contact with participants. All other study personnel and participants were blinded to treatment allocation throughout.
The primary endpoint was the change in serum calcium during 12 months with vitamin D supplementation. Secondary endpoints were the change in urine calcium, change in markers of bone turnover and change in BMD during 12 months. It was planned to Figure 1 Flow of participants. recruit 40 participants, for which the study had >80% power (α=0.05) to detect a difference in serum calcium of 0.10 mmol/L between groups. Recruitment was stopped after more than 3 years when 27 participants were recruited.
Measurements
At baseline, every 2 weeks for 8 weeks, then at 12, 16, 26, 39 and 52 weeks, fasting blood and second-voided morning urine samples were collected. Samples for calcitropic hormones and bone turnover markers were stored at −70°C until they were batch-analysed. At baseline, 4, 26 and 52 weeks, 24 h urine samples were collected. The following assays were used: the screening 25OHD was measured by radioimmunoassay (RIA) (DiaSorin, Stillwater, Minnesota, USA), but all 25OHD samples from the study including the baseline sample were measured by liquid chromatography, tandem mass spectrometry (LC-MS/MS) (ABSciex API 4000); 1,25OHD by RIA (IDS, Tyne and Wear, UK), serum *25-Hydroxyvitamin D were measured at the screening study visit using a Diasorin assay, while the baseline 25-hydroxyvitamin D at the first study visit (average 3 weeks later) were stored frozen until the end of the study and then measured with a liquid chromatography tandem mass spectrometry assay (see text). Data are mean (SD) or n (%). P1NP, serum procollagen type-I N-terminal propeptide; β-CTX, serum β-C-terminal telopeptide of type I collagen.
parathyroid hormone (PTH) by electrochemiluminescence immunoassay (E170, Roche Diagnostics, Indianapolis, Indiana, USA); serum procollagen type-I N-terminal propeptide (P1NP) and serum β-C-terminal telopeptide of type I collagen (CTx) by the Roche Elecsys 2010 platform (Roche Diagnostics). BMD was measured every 6 months at the lumbar spine, proximal femur and total body using a GE Prodigy dual-energy X-ray absorptiometer (GE Lunar, Madison, Wisconsin, USA). Daily calcium intake was assessed at baseline using a validated questionnaire. 23 
Statistics
Baseline differences between groups for continuous variables were assessed using Student's t test, and for categorical variables using the χ 2 test. All analyses were carried out on an intention-to-treat basis. A mixed models approach to repeated measures with an unstructured covariance structure was used to examine the time course of response in the treatment and control arms for serum calcium, urine calcium, calcitropic hormones, bone turnover markers and BMD measurements by fitting main and treatment-by-time interaction effects. Post hoc comparisons between groups at individual time points were explored using the method of Tukey. BMD data were analysed using raw data, although results are presented as percentage change from baseline adjusted for baseline between-groups differences, for ease of interpretation. All tests were two-tailed and hypothesis tests were deemed significant for p<0.05. All statistical analyses were carried out using the SAS software package (SAS Institute, Cary, North Carolina, USA, V.9.2)
RESULTS
The baseline characteristics of the two groups were similar (table 1). The mean (range) 25OHD at the study screening visit was 35 (14-48) nmol/L in the treatment group, and 38 (12-49) nmol/L in the controls. The baseline 25OHD measurements from the first study visit (average 3 weeks after screening 25OHD) that were stored and then measured at the end of the study using a different assay were slightly higher than the screening 25OHD in both groups (table 1) . Vitamin D supplementation led to an immediate increase in 25OHD levels, and a sustained difference between the groups that persisted throughout the trial ( p<0.001; figure 2 ). There was also an immediate increase in 1,25OHD levels in response to vitamin D supplementation, but this did not persist. While the between-groups differences over the trial were statistically significant ( p=0.007), by the end of the trial 1,25OHD levels were similar in both groups (figure 2). Figure 3 shows that vitamin D supplements had no effect on either average albumin-adjusted serum calcium ( p=0.46) or 24 h urine calcium levels ( p=0.10) throughout the trial. There were no between-group differences at any time point in participants with 24 h urine calcium >10 mmol/day (baseline vitamin D vs control 1 vs 4; 4 weeks 4 vs 4; 16 weeks 1 vs 2; 52 weeks 3 vs 2). One participant in the vitamin D group and none in the control group had sustained hypercalcuria with 24 h urine calcium >10 mmol/day in all the three visits during follow-up. One participant developed hypercalcaemia during the trial-a 51-year-old woman diagnosed with sarcoidosis 2 years prior to study entry, with bilateral hilar lymphadenopathy, liver and lung involvement. She was taking inhaled glucocorticoids at study entry but no other medication. She was assigned to vitamin D treatment and table 2 shows that hypercalcaemia was recognised at 6 weeks, by which time she had taken five 50 000 IU doses of cholecalciferol. She was vitamin D deficient at baseline, and treatment increased her 25OHD level to 69 nmol/L. There was a marked increase in 1,25OHD, 24 h urine calcium, serum phosphate and creatinine levels and suppression of the PTH levels following vitamin D supplementation, but she remained asymptomatic throughout. No further study medication was taken and the biochemical abnormalities resolved without specific treatment by week 16 of the trial. When this participant was excluded from the analyses for serum calcium and 24 h urine calcium, the results did not change substantially except that there was no visible rise in the average albumin-adjusted serum calcium at 6 and 8 weeks in the vitamin D group (data not shown).
The effect of vitamin D supplements on bone turnover markers and PTH are shown in figure 4 and on BMD in figure 5 . Vitamin D supplementation had no effect on any of these variables ( p>0.16 for all variables).
Other than the one participant treated with vitamin D who developed hypercalcaemia ( proportion 8%, 95% CI 1% to 33%), there were no other adverse events potentially related to treatment during the trial. One participant (randomised to vitamin D) required prolonged treatment with oral glucocorticoids, and one participant (randomised to placebo) received a single infusion of zoledronic acid at 11 months because of an underlying neurological disorder that had led to an increased risk of falls and fracture.
DISCUSSION
Vitamin D supplementation of patients with sarcoidosis and vitamin D insufficiency did not alter average serum calcium or urine calcium levels, and also did not affect BMD or markers of bone turnover but caused one case of significant hypercalcaemia. 25OHD levels were in a range many experts consider suboptimal at baseline (average <50 nmol/L) and vitamin D supplementation led to average 25OHD levels of >75 nmol/L throughout the trial, levels generally considered to indicate adequate vitamin D status. Thus, our findings of an absence of benefit from vitamin D supplements, together with infrequent but significant hypercalcaemia, suggest that there is little indication for vitamin D supplements in patients with sarcoidosis and vitamin D insufficiency. Recent research has linked low 25OHD levels with numerous adverse non-skeletal outcomes. 24 This information, when added to the existing data linking low 25OHD levels with adverse skeletal outcomes, 14 has led to renewed interest in the role of vitamin D in health. In clinical practice, there has been a large increase in measurement of 25OHD 25 26 and calls for widespread vitamin D supplementation. 27 However, these associations between low vitamin D status and adverse health outcomes have been generated from observational studies which cannot determine causality. There are now a growing number of randomised controlled trials that have not shown benefits from vitamin D supplements on a wide range of endpoints. Thus, meta-analyses of such trials have shown no benefit of vitamin D supplementation (when used without coadministered calcium supplements) on falls, 28 fractures, 29 mortality, 30 cardiovascular events 30 and cancer. 31 In our study, which was powered to assess serum calcium rather than BMD effects, we did not find evidence for benefit of vitamin D supplements on surrogate markers of skeletal health in a group of patients with sarcoidosis who had mildly low 25OHD levels, consistent with these findings.
The mechanism of hypercalcaemia in sarcoidosis is well described. Extrarenal production of 1,25OHD in activated macrophages in granulomata leads to increased intestinal calcium absorption and increased bone resorption which collectively produce hypercalcaemia. 3 It is unclear whether circulating 25OHD levels are implicated in causing hypercalcaemia, with some evidence supporting 4-10 and some not supporting 1 6 11-13 each viewpoint, as discussed earlier. Our study tends to support the former view for two reasons: first, one patient developed significant hypercalcaemia within a short time of starting vitamin D supplements, and there was prompt resolution of the hypercalcaemia without other treatment after the supplements were stopped. Second, in the entire cohort there was a rapid increase in 1,25OHD with vitamin D supplements, although the increase did not persist. Both pieces of data suggest that abrupt changes in 25OHD can increase 1,25OHD, and in a minority of patients this can cause hypercalcaemia. The characteristics that predispose to the development of hypercalcaemia remain unclear. It is possible that increasing 25OHD more slowly using small, incrementally increasing doses of vitamin D, may avoid this complication, but this would need to be tested in closely monitored clinical trials. Our study has several limitations. It is a small study and therefore may be at risk of type II error. We carried out simulations to explore what effect sizes could have been statistically significant in this study. We simulated an increased effect size in the treatment group (without varying data in the placebo group or the sample size) in the models used in the study analyses. A difference between the groups at 1 year of 0.06 mmol/L in serum calcium, the primary endpoint, would have reached conventional statistical significance. This is 60% of the value used in the study power calculation (0.1 mmol/L) that we considered to be clinically relevant when designing the study. Similarly, the corresponding between-groups differences that would have reached statistical significance for the other main endpoints were: 2.4 pmol/L for PTH, 7 µg/L for P1NP, 140 ng/L for CTX and 0.5%-1.9% for BMD, depending on site. Differences below these amounts would be of questionable clinical relevance. Thus, while small, the study did have more than adequate power to detect clinically relevant differences. A second limitation is regarding the screening vitamin D measurement. All participants had 25OHD <50 nmol/L at the screening visit measured using a Diasorin RIA. All study samples for 25OHD were frozen and then assayed in a single batch at another laboratory using an LC-MS/MS assay. The 25OHD levels measured using LC-MS/MS were on average slightly higher than those measured using the Diasorin immunoassay, and 9/27 participants had 25OHD >50 nmol/L at the baseline visit. Variation between results from different 25OHD assays is well described, and while LC-MS/MS is usually considered the gold standard, immunoassays and LC-MS/MS have limitations. 32 Few participants had 25OHD <25 nmol/L at baseline, thus our results may not apply to individuals with very low 25OHD levels.
In summary, we did not find evidence of benefits on surrogate markers of skeletal health from vitamin D supplementation in patients with sarcoidosis and vitamin D insufficiency. However, there was evidence of harm with one case of significant hypercalcaemia. The absence of benefit together with the risk of infrequent but significant adverse effects suggests that there is little indication for vitamin D supplements in patients with sarcoidosis and vitamin D levels in the range in this study (12- 
nmol/L).
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